Representative light curves of supernovae of Types Ib and Ic, and the peculiar Type II that makes a transition to Ib, are collected and analyzed. Their main characteristics are (1) a group of fast and heterogeneous light curves corresponding to spectroscopic Type Ic and (2) a group of intermediate and homogeneous light curves among which are examples of spectroscopic Types Ib, Ic, and II transition. The latter have a well-deÐned slope of D0.019 mag day~1 after D150 days. A simple model based on the deposition of the energy provided by the radioactive decay of 56Ni and 56Co in expanding spherical shells is presented and used to qualitatively explain these families of light curves. The c-ray deposition function has two di †erent regimes. At early times, it is strongly dependent on the physical parameters of the shells, which explains the heterogeneity of group 1 above. At late times, however, it reaches an asymptotic regime in which the slope in excess of the 56Co decay rate is given by 5t~1 log e mag day~1, where t is the time since explosion in days, independently of any parameter of the ejecta. The photometric group 2 above may be, at least partially, a result of this asymptotic behavior.
INTRODUCTION
Types Ib and Ic and Type II transition (SN 1993JÈlike, hereafter Type supernovae (SNe) are among the intrinIIt3) sically more interesting objects in the Ðeld of SN studies. They are not well understood, their progenitor stars have not yet been clearly identiÐed, and interpretation of their spectra is still in its infancy. Conventional wisdom, based on spectroscopic signatures, radio observations, and theoretical computations, interprets them as the result of explosions by collapse in the cores of evolved stars that have been severely stripped of the outer layers. These layers are thought to be lost through mass transfer to a close binary companion, a common envelope, strong stellar winds, or a combination of these processes.
All of these SNe have little, if any, H in the outer layers. This lack of H removes one of the important sources of scattering and gives them special characteristics. They do not have the slow H recombination waves that provide light curves of most Type II SNe with plateaus of varying length, and hence they represent a more direct diagnostic of the c-ray deposition function. Also, the spectrum that they display is formed in deeper layers and is potentially a good diagnostic of the core matter. They might be, then, our cleanest window into core collapse.
The study of Type Ib, Ic, and IIt SNe has been preferentially focused on understanding the spectra of the brightest events et al. et al. Clocchiatti 1996c ; references therein) . This recent work has uncovered the limitations of the spectroscopic classiÐcation system, since the spectral types do not correspond to "" pure ÏÏ types, as orig-1 aclocchiatti=noao.edu. 2 wheel=astro.as.utexas.edu. 3 The name "" Type IIt ÏÏ results from the evolution displayed by the spectra. It is probably more appropriate than the term "" Type IIb,ÏÏ which is motivated in part by theoretical interpretation. Ic, and IIt (1990) . display characteristics that cross over spectroscopic boundaries to call them, as a group, transitional types. Photometric observations of these SNe are rare, and theoretical work on the light curves has been scarce and mainly concentrated on reproducing the evolution of the better observed events near maximum light. A comparative discussion of the light curves has not yet been made. The recent release of results on SN 1983N and SN 1983V allows 1996b, 1997) . some short-term di †erences in the light curves do exist, the similar peak-to-tail contrast and slope after D100 days make them look very similar. The photographic light curve of SN 1964L Mammano, & Perinotto and (Bertola, 1965) work in progress at ESO and Cerro Tololo Inter-American Observatory on SN 1990B and SN 1990U et al. (Clocchiatti indicate that these Type Ic events also match the light 1998) curves of SN 1993J. The homogeneity of the light curves suggests that, although the spectra near maximum light are di †erent and the supernovae are thus placed in di †erent spectroscopic classes, they form a photometric group. This would indicate, in principle, that the ejecta have similar total mass, mass-to-energy ratio, and mass-density structure.
There are, however, (Martin 1993) . (Richmond 1996) . radioactive decay products are trapped. The magnitude scale corresponds to SN 1983N. All the other events have been displaced to match the maximum in V .
displayed a Ñat light curve, indicating that the ejecta was able to trap all the c-rays generated in the decay of 56Co for at least D400 days & Kirshner & (Schlegel 1989 ; Swartz Wheeler This light curve is not shown in 1991). Figure 1 , but the late-time slope would be just parallel to the 56Co line. SN 1985F might be another example of this slow type, since its light curve and late-time spectrum were similar to those of SN 1984L & Sargent (Filippenko 1986 ; Tsvetkov On the other hand, the Type Ic SNe 1987M and 1986).
1994I
Porter, & Sargent et al. (Filippenko, 1990 ; Richmond displayed very fast light curves. Even though both 1996) decayed rapidly, the available photometry indicates that they did not follow a common locus of evolution. Comparison of SN 1987M with SN 1983I, another fast Type Ic SN, shows that they also had noticeable di †erences in their light curves
The photometry of SN 1994I, (Clocchiatti 1995) . shown in indicates that after about 75 days of fast Figure 1 , decay the light curves become roughly parallel to those of SN 1993J (but with a much larger peak-to-tail contrast).
A summary of these results, the interpretation of which requires some reliance on currently accepted models for the progenitors of these SNe, is the following : (1) The light curves of these transitional-type SNe are heterogeneous, with some events being able to completely trap the c-rays for hundreds of days while some others start losing c-rays near maximum light. (2) There are some events that display a photometric evolution with a homogeneous intermediate rate of decline after maximum light, typiÐed by SN 1993J. (3) Later than D100 days after maximum, the light-curve slope of the fast events seems to match that of the interme- Wheeler (1990) . SNe with slow light curves, and no hydrogen in their spectra, seem to be a class of their own. Only two SNe with nebular spectra devoid of hydrogen and late-time slope of the light curves consistent with complete trapping of c-rays generated by the radioactive matter have been observed (SNe 1984L and 1985F) . Of them, only the Type Ib SN 1984L was spectroscopically classiÐed near maximum light. This only example makes it tempting to include a Ðnal item : (6) The slow light curves seem to correspond to spectroscopic Type Ib only. A few more slow Type Ib SNe will be required, however, to be certain about it.
The heterogeneity of the light curves could result from a process like mass transfer in interacting binaries, for which the orbital parameters of the pair can determine the outcome of stellar evolution (for recent reviews, see Nomoto et al.
& Eastman
Even when the mass 1997 ; Woosley 1997). transfer may have chaotic episodes and tides may severely distort the shape of the mass-losing star, it is reasonable to expect that the lighter chemical elements will remain in its outermost layers. Hence it is natural that those events that have a fast light curve display a Type Ic spectrum near maximum, while the only known example of a Ñat light curve displayed a Type Ib spectrum. A smaller mass is supposed to imply both a faster light curve and smaller amounts of He in the outer layers of the ejecta, although a higher nonthermal excitation of the He I energy levels could somehow compensate for a smaller He mass. The group of light curves with an intermediate rate of evolution (we will refer to it also as the photometric group of SN 1993J), where the spectrum can be either Type Ib, Ic, or IIt, appears as a puzzle in this scheme. Varying amounts of nonthermal excitation combined with di †erences in the residual He/H outer layers and/or the intervening O layer, which shields the He from the c-rays & Eastman could explain (Woosley 1997) , at least part of this spectroscopic diversity. The fact that the convergence of photometric properties may result from a convergence of progenitor masses after interacting binary evolution et al. appears as an enticing possi- (Woosley 1994 ) bility to pursue in looking for an explanation.
DEPOSITION FUNCTION IN EXPANDING SPHERICAL SHELLS
A comprehensive understanding of the di †erent light curves displayed in will require explosion models, Figure 1 and theoretical light curves and spectra, of realistic SNe resulting from evolutionary computations in which mass loss is taken into account in a self-consistent manner. Here we adopt a simpler approach in order to understand the basic elements of the problem. By adopting a description of c-ray thermalization as an absorption process and an idealized geometry, it is possible to build a simple model of the c-ray deposition function and provide qualitative insights into the light curves of This qualitative under- Figure 1 . standing can guide the more detailed study that the problem requires.
If transitional-type SNe result from core-collapse explosions in stars with di †erent amounts of mass in their envelopes, a simple model to describe the family of light curves would be that of expanding spherical shells of di †er-ent masses and nearly the same kinetic energy. The equations for the mass, kinetic energy, and optical depth to c-rays of such conÐgurations are
where radius, density, and velocity have been represented by their usual symbols and is the average c-ray i c (r, t) opacity.
By adopting a relation between radius, velocity, and time, and a model for the density distribution and location of the radioactive matter, equations can be solved. We (1)È(3) will assume that the ejecta are in free expansion, with v(r, t) \ r/t, that the density distribution is well represented by a power law, i.e., o(r, t) P r~g(t), and that is purely i c absorptive & Wheeler and constant (Sutherland 1984) throughout the ejecta. The radioactive matter should be located at the innermost expanding layer, probably with some fraction of it spread outward as a result of dynamical instabilities. We will further simplify the problem by assuming that the radioactive matter is located at the center of expansion (i.e., where the progenitor star was) and that its total mass is negligible in comparison with the mass of the rest of the ejecta. Under these assumptions, the total c-ray optical depth, can be expressed from equations as
In this equation,
where M is the total mass of the ejecta and C is a constant given by
]~1. For g \ 1, 3, or 5, the factor that becomes zero must be replaced by [ln with and the maximum and minimum (r 1 /r 2 )]~1 r 1 r 2 radii of the shell, respectively.
In this simple model, the intensity of the c-rays trapped in (or thermalized by) the ejecta can be written as
where is the intensity of the c-rays
t) produced by the radioactive decays at the given time. The c-rays trapped in the ejecta are the main source of energy that powers the ultraviolet, optical, and infrared (UVOIR) display of SNe. In this approximation, then, the UVOIR light curve is
where
give the UVOIR light curves of the (4)È(6) expanding spherical shells with point-source c-ray deposition. The slope of these light curves is easily written as
where the second term is the excess rate of decline due to the loss of c-rays, or rate of departure from the light curve of minimum slope corresponding to complete trapping of radioactive c-rays. It is difficult to shake the feeling that the described model is simpliÐed to the point that it may have little to do with the light curve of a real SN. It should be kept in mind, however, that the goal of this model is to obtain information on just the radioactive part of the UVOIR light curves. The strong dependence of the energy transfer on the optical depth of the outer layers (responsible for the Ðrst maximum and the subsequent minimum of the light curve of SN 1993J, for example) is constrained in these SNe to the Ðrst few days after explosion (see, e.g., et al. At Woosley 1994) . the times of interest to us (later than D30 days after explosion), the energy deposited in the ejecta is instantly reradiated (radiative equilibrium), making the UVOIR light curve a direct diagnostic of the c-ray deposition. The average c-ray deposition can be reasonably well represented by a simple absorption process. This, together with the simpliÐed geometry assumed, gives grounds to the simplicity of the resulting models.
DISCUSSION
The family of light curves and slopes given by equations are displayed in Ideally, they should be (4)È (7) Figure 2. compared with UVOIR light curves of SNe. Unfortunately, UVOIR light curves are very scarce and, most of the time, restricted to early epochs. The V light curves, however, give a reasonably good representation of the UVOIR ones, as exempliÐed by the cases of the well-observed SNe 1983N, 1987A, 1993J, and In what follows, we assume that 1994I.4 the V and UVOIR light curves are parallel for the times of interest to us. The error implied by this assumption is small compared with the e †ects that we are trying to describe.
The UVOIR light curves of expanding spherical shells are determined by the evolution of the total c-ray optical depth, given by In the simple model described in equation (4).°3, 4 In the case of SN 1993J, the fraction of energy in V , out of the total energy in the BV RI bands, dropped from D22% at day 60 to about 17% by day 300 et al.
For this SN, however, part of the (Richmond 1994). change is due to the energy of the interaction of the shock with circumstellar matter, channeled in UVOIR mainly through Ha in the R passband. 
where is the mass in solar masses and is the energy M (_) E 51 in 1051 ergs. In expanding spherical shells with point-source c-ray deposition, all the physics, including the mass-density structure (constant C), the c-ray opacity the total mass, (i c ), and mass-to-energy ratio, appears only in this particular combination. The functional form of deterequation (7) mines the shape of the light curves. For any reasonable value of the total ejected mass the ejecta (M (_) Z 0.5 M _ ), are able to trap essentially all the radioactive c-rays at early times. In this phase the second term in is small, equation (7) and the slope is that of the radioactive decays. For a more realistic model, the optical depth of the ejecta would still be large and the light curve dominated by radiative transfer e †ects. Hence, the behavior given by at early equation (7) times cannot be observed. When the second t^0.935T 0 , term in reaches a maximum, and the light equation (7) curves start to depart signiÐcantly from that corresponding to complete trapping of c-rays. If is small, the departure T 0 from complete trapping could happen while the SN is at maximum light. When however, the exponential in t Z 3T 0 , the denominator is well approximated by a Ðrst-order expansion, the cancels out, and describes (T 0 /t)2 equation (7) an asymptotic regime that is independent of as shown in T 0 , This regime will be generally reached when radio- Figure 2 . active energy is provided only by decay of 56Co, and the asymptotic value of the slope can be written as
where is the decay time of 56Co. At an epoch 150 days q Co after maximum light (D170 days after explosion in the case of SN 1993J), equation (9) yields a slope of 0.022 mag day~1, very close to those of SNe 1993J and 1983N at that time (D0.019 mag day~1). The light curve with T 0 \ 116 days matches that of SN 1993J starting D60 days after explosion and continues to provide a good match until D250 days. The mismatch after D250 days could be due in part to the energy of the shock interacting with circumstellar matter and released in the V and R passbands through Ha & Wheeler Chugai, & Mazzali (Clocchiatti 1994 ; Patat, an e †ect particularly strong in this SN. 1995),
The asymptotic regime described by is not a equation (9) consequence of the model assumed. For any explosion model in free expansion, the c-ray optical depth will decay as t~2. Detailed theoretical light curves based on more realistic models of the c-ray deposition & Woosley (Ensman display the same kind of e †ect at late times (see their 1988) Fig. 11 ).
It is also apparent from that mass di †erences in Figure 2 the ejecta are translated into di †erences in the light curves more e †ectively for low masses. This occurs because the maximum value of the excess slope due to loss of c-rays varies as
For small values of the light curves D1.24T 0 1. T 0 , depart very quickly from that corresponding to complete trapping of c-rays, and when the asymptotic behavior is reached, the di †erences are already noticeable. As T 0 increases, the maximum excess slope due to c-ray loss decreases, and the light curves do not depart very quickly from the light curve of minimal slope. There is, in addition, a numerical coincidence for objects with ejecta mass of D2.5 (the mass range of SN 1993J, according to the M _ models of et al. For this mass days, Woosley 1994). T 0 D 75 and the maximum slope is very similar to the asymptotic slope between D100 and D200 days (see bottom). Fig. 2 , These light curves display a nearly constant slope starting right after maximum light.
The convergence of slopes makes it difficult to distinguish the light curves of ejecta with small di †erences in if T 0 , days. This e †ect creates the conditions to perceive T 0 D 100 a photometric group. Patchy observations, especially lack of points to deÐne the maximum and early-time exponential decay, will help to mask small di †erences. Also, realistic explosion models should result in relations between parameters that we have taken to be independent (g, and i c , M (_) , These relations could tend to reduce the di †erences in E 51 ). for objects with di †erent and Analysis of the spectroscopic records of SNe 1993J and 1983V shows that reality may be more complicated than the preceding analysis. The coincidence of light curves displayed in may result in part from the asymptotic Figure 1 behavior of the c-ray deposition function. However, the mass-to-energy ratios of these two SNe di †er by a factor of 3 et al. This di †erence, which is difficult (Clocchiatti 1997) . to compensate in implies that another mechaequation (8), nism to tune the light curves could be at play.
Consideration of the energy emitted by the decay of 56Co in the form of positrons modiÐes the previous results, since the second term on the right-hand side of equation (9) would appear multiplied by a factor f c
where and are the fractions of decay energy in c-rays f c f p and positrons, respectively. If the positron energy is completely thermalized by the ejecta, this factor becomes signiÐ-cant after for a typical value of Its main D5T 0 , f p D 0.04. e †ect is to make the light curves parallel to the 56Co line earlier if is small (to keep simple we have included T 0 Fig. 2 the light curve with positrons only for the shell with T 0 \ 29 days). When positrons are not taken into account, the second term in becomes less important than the equation (9) Ðrst D230 days after explosion. Since it decays as t~1, however, it takes hundreds of days for it to be irrelevant. When positrons are taken into account, the second term becomes smaller than the Ðrst after days. If D24T 0 2@3 T 0 D 30 days, this is about the same as before, but now the term decays as t~3 and becomes irrelevant much faster. For those ejecta with days, there is an interesting com-T 0 D 80 pensation. At a given time, the positron term is relatively more important for ejecta with smaller and the slope of T 0 , their light curves is slightly closer to those of ejecta with longer As a result, the convergence of slopes toward an T 0 . asymptotic value is faster and the value of the slope D150 days after maximum in better agreement with that of SN 1993J. The light curves should level o † very fast after D5T 0 , however, something that has not been observed.
We will conclude this section with a reality check for the simple model described. One of the best observed and studied SNe of the "" transitional ÏÏ kind is SN 1993J. The V light curve of SN 1993J is shown in where it can be Figure 2 , conÐrmed that the late-time slope is actually pretty well represented by the expanding spherical shell with T 0 D 116 days. Since the V light curve of SN 1993J is very similar to that of SN 1983N et al. this means that (Clocchiatti 1996b) , this shell will also provide a good match to the light curve of the latter. For the parameters assumed in equation (8) eters to match more elaborated models of SN 1993J could be signiÐcant, the resultant values are still reasonable. What this comparison conÐrms is that no hard quantitative meaning can be attached to the individual physical parameters used to match an expanding spherical shell with pointsource c-ray deposition. On the other hand, the overall behavior of the late-time light curve (which depends on the combination of these parameters given by seems to be T 0 ) well represented, and the comparative behavior of the light curves corresponding to di †erent values of should be T 0 relatively independent of the more uncertain details of the models.
CONCLUSIONS
The heterogeneity of light curves of transitional-type supernovae (Types Ib, Ic, and IIt) is qualitatively explained by the family of light curves of expanding spherical shells of di †erent characteristic time, for the decay of the total T 0 , c-ray optical depth, with clustering into three groups : (1) T 0 slow SNe, with days, (2) [ 150 common locus of photometric evolution for the fast ones (which display a Type Ic spectrum) appears as a consequence of the maximum rate of departure due to c-ray loss, which, for the model considered, depends on the inverse of On the other hand, if days, the asymptotic T 0 . T 0 D 100 behavior of the c-ray deposition function for tends t Z 3T 0 to mask the signature that di †erent mass, explosion energy, and would imprint on the light curves. Postmaximum i c light curves with typical photometric coverage are thus a good diagnostic tool to discriminate between SNe in the low-mass (shortrange and a poor tool to distinguish T 0 ) those having days. This, together with the con-T 0 D 100 vergence of progenitor masses found by Woosley et al. could probably explain the photometric group (1994, 1995) , of SN 1993J, but the discrepant mass-to-energy ratios of SNe 1983V and 1993J remain a problem. Studies of the spectra of SNe in this group will provide a handle on the mass-to-energy ratios and help to establish whether the group is due to the e †ects discussed above, or if its existence requires some extra mechanism of Ðne-tuning on the part of the explosions (for suggestions on this, see Clocchiatti 1995 ; & Wheeler et al. Clocchiatti 1997 ; Clocchiatti 1997 ). Finally, the light curves of expanding spherical shells with point-source c-ray deposition match with good approximation the V light curves of SNe 1983N and 1993J, and the slope of SN 1994I at late times. This suggest that, despite oversimplifying the problem, they include the essential physics required to describe the c-ray deposition at late stages.
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